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Power, Propulsion, Thermal, Airframe Integration

All components must integrate




Basic Building Block for Electric Aircraft:
Thermo-Acoustic Engine and Heat Pumping

Input Wave Engine Core Airframe Heat
] Heat Exchanger Regenerator Exchanger

Heat Pipe

By-pass Air Regenerator Exchanger

Heat Exchanger

Resonator

KEY PROPERTIES
Can be used for thermal energy conversion:
* From heat to mechanical power
* From mechanical power to cooling
* From heat to heat pump when used in double configuration shown



Net Fuel LHV

Net to AC Electric Full Pr'oductlon System System
System Equipment . L System
° Technology Power R Maintenance Availability .
AC Power . Manufacturing Life (yrs)
Conversion Cost S/kwh Percent
(kw) .. Cost $ per W
Efficiency
Ideal >100 >70 <0.9 0.02 >95 >20
SOFC-GT >100 >70 <4 <1 >95 >5
Strayton >100 >50 <0.05 <0.02 >95 >20
Fuel Cell >100 >50 <5 <1 >95 <5
. . n-Turbine <300 >20 <1 <0.1 >95 <5
o FC/TU r b ine H y b rl d ICE OTTO >100 >25 <0.05 <0.03 >95 <10
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Stirling and Brayton (Strayton) Engine Genset

Baseline efficiency for a 200 kW

class Brayton cycle engine: 29 %. With turbine cooling, estimate an

efficiency of 46.7 %.

-— e — 1 A
Interior Stirling Cyce —

With turbine cooling and
recuperation, estimate an

efficiency of 58%. Similar to that -
of large turbofans! Turbines — Brayton Cycle

Key Features

 Combines Stirling and Brayton cycles synergistically for
<2MW high efficiency and specific power

* Provides both topping and bottoming cycles using a
Brayton and Stirling cycle (both are top and bottom!)

e Achieves recuperation without a recuperator

* Naturally cools the turbine blades

* Power is extracted via rotating and oscillation

* Fuel Flexible with high turn-down ratio

Combines Rotating Interior
Permanent Magnet AC machine
with Oscillating Linear machine

Key Features
High-speed Brayton cycle and internal Stirling cycle
use no-maintenance air and flexure bearings
Power balancing between cycles via direct control
No contact rotating bearings and power transfer
High speed rotation enable short conductive blades
No hot moving Stirling cycle parts
Leverages recent HEMM work for flexure stiffness
Pedigree from previous DOE/Reliance Electric 2008



Thermodynamic Efficiency Step-by-Step

Compressor— 70% Eff Turbine — 80% Eff.

Combustor Compressor— 70% Eff Turbine — 80% Eff.
Combustor

=GR 946K-1943K S
0.01 kg/s 0.01 kg/s 0.01 kg/s
25 CPR '25 CPR 25TPR
Se L +10KW fuel O
DeltaT from DeltaT from mechanical

mechanical loss:+193k Loss:+234K

946K 1943K-1008K
Inlet 0.01 kg/s

946K-1943K Exhaust

0.01 kg/s 0:04ike/s 1008K-300K Inlet

0 g??‘:k Zsisc;::! 25 CPR +2959;g\if 0.01 kg/s 300K
: . = +7107W
DeltaT from el DeltaT from mechanical 0.01 kg/s

mechanical loss:+193k Loss:+234K

Exhaust
-300K

0.01 kg/s
+7107W

Overall Heat Out=Heat In-
Power Out
=10000W-(9380+1778-
6487)=5329W

Carnot Eff.= 1-300/1943=0.846

Fraction of Carnot
Eff.=0.289/0.846=0.342

Stirling Blade Cooling

Note too hot at T4 currently 1500K {5tiring Heat OUt-4445 W-

1778 W=2667 W}

-4445W
Stirling Eff.=1778/4445-0.4
+1778We Carnot Eff.=1-300/1500-0.8
, stirlng Fraction of
42% eff. Camot=0.4/0.8=05

Baseline Performance

Stirling adds 17% efficiency

Compressor— 71% Eff Combustor
909K 909K-1900K
Inlet 0.33 kg/s 0.33 kg/s

Turbine — 85% Eff.
1900K-500K
0.33 kg/s

Exhaust
500K-300K

Inlet

Compressor— 70% Eff
946K
0.01 kg/s

Combustor
946K-1943K

Turbine — 80% Eff.
1943K-
0.01 kg/s

Exhaust

-300K

0.01 kg/s
SO0K 25 CPR

0.01 kg/s

25 CPR 25 TPR
-6487W e A +9380W
DeltaT from - - DeltaT from mechanical

300K 16 CPR +312kW fuel 16 TPR 0.33 kg/s
0.33 kg/s -170kW -121kW heat +300kW +66kW
DeltaT from +191 kW net fuel DeltaT from mechanical

0.01 kg/s
+7107W

mechanical loss:+193K Loss:+234K mechanical loss:+193k Loss:+234K Overal Heat Gut-teat in
Power Out=6313W
(9380+758.6487):2662W
Stirling Recuperation Stirling ?;aodoeKCOOl'ng Stirling Recuperation Stirling ?lraoci)cKCoolmg Stirling Eff.758/4445-0.1705
-
1500K-988K CurzonAblborn Eficency = 1- 1500K-988K Brayton Ef1.~{9380

o = 444 s\,\/ 6487)/6313-0.458

Recuper 121kW , o0/ soAsiuA/2007

Recuperation DeltaT: 2
79K

Recuper 3686W .
- Overall Fraction of Camot
Recuperation DeltaT: £41,-0.578/0.846-0,683
42K :

Note T4 blade isonductively cooled to 1500K, waste heat recuperated drops fuelequired by 121kwW Note T4 blade is conductively cooled to 1500K, waste heat recuperated drops fuel required by 3686W

Scales to 125kW

Stirling Recuperation adds 10% efficiency




Double-Acting Extremely Light-Weight
Thermo-Acoustic Generator (DELTA)

Key Features
Utilizes multistage high frequency thermo-acoustics
Uses a double-acting piston and engine reactive power to
minimize required spring
Fuel flexible including cryogenic
Shape flexible for embedding in unusual locations
Silent operation
Higher efficiency and comparable specific power with ICE

O
Simple tubular Q\
constiuction D

Provides silent power for APU and UAV applications



Propulsion Options
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HEMM w/Embedded Cryocooler

HEMM is designed to operate as Cryocooler Key Features:
* al.4 MW motor .
* with direct drive ‘
* High torque/low speed

* >98% efficient

* >16 kw/kg (active E-M parts)

* No cold moving parts

Cool superconducting rotor

 Fit inside rotating motor
 Integrates cooler and linear machine
* Operate rotating or stationary

1 0 Frequency

‘ Gas
Pressure

Cold Tip- ulse-Tub ‘ Heat Lifted @ 50K
SSW/SOK Heat Rejected

Electrical In

A ] =
— ———— . :
|| | X L X Mechanical PVin

Coil Current Density

Ambient HX- 310K 60 HZ, 2000W in Piston Amplitude

60 Hz
Helium
6.2 MPa
55W
2000W
2000W
1661W

4 A/mm2

1.3cm

Superconducting inside the motor and provides Strayton risk reduction




Linear Machine and Pulse-Tube Cooler

No cold moving parts Flexure Stiffness Increases Under Rotation Long Linear Magnet has Distributed Forces

Single Flexure Three Piece Magnet Force

| b, . . W

| | |
Compression Inner/Outer Iron
Space Coil and Magnet




Thermal Options

Current proposed solutions (and limits) include:
d Ram air HX

* adds weight and aircraft drag
[ Convective skin cooling HX

* adds weight, drag, and inefficient
d Dumping heat into fuel

* |imited thermal capacity
d Dumping heat into lubricating oil

* |imited thermal capacity
[ Active cooling

* adds weight and consumes engine power
[ Phase change cooling

* adds weight and limited thermal capacity
1 Heat pipe, pumped multiphase, vapor

compression
* adds weight and consumes engine power




Recirc back
to tanks

To Engine 1

Thermal Limits d—1

HX

Into Fuel

Recirculate Fuel

Ram Air

Into Engine Recirc back
g to tanks

Vapor-Compression

Thermal Runaway with
Composite Fuselage
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900NM 4.98% 3.31% 2.76% 2.36% =
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Time (min)



Variable Conductar
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Solid-state Heat Transfer Switching

ce Heat Pipe

Acoustic and Heat Pipe Tubes
Embedded in Airframe




TREES — Thermal Recovery Energy Efficient
System Complete Cycle

Returns waste heat
from motors back to
turbofan engine by
raising temperature

with heat pump

Compressor

Solid-state (no moving part) energy

recycle and control

* Localized skin heating for active
lift/drag management, de-icing,
powertrain cooling, cabin
management, and military cloaking

e sam] Combustor

Turbofan Engine
au18uj uejoqiny

Distributes waste
power throughout
aircraft to motors

uois|ndoid
21399|3

and heat pumps

Turbine Waste Energy
Transmitted Acoustically,
Powertrain Waste Energy Heat
Pipe Delivered to Combustor




Integrated Benefit

Strayton Engine
* High efficiency/specific power
* Integrated thermal conversion

DELTA
» High efficiency/specific power
*  Quiet

TREES
Distributes waste heat with waste heat
Saves fuel
Improves aerodynamics
Naturally de-ices

HEMM Motor
» High efficiency/specific power
* Integrated thermal conversion

Advanced Integration is Required at Component and System Level



Conclusion

 Maximum benefit with electric aircraft is achieved by integrating at
both the component level and system level.

* Thermal Energy Conversion technologies provide the fundamental
building block for this integration.

* HEMM motor provides flight-weight high efficiency at high power
 Strayton engine provides flight-weight high efficiency at medium power
* DELTA engine provides flight-weight high efficiency at low power

* TREES enables the tight integration of all these technologies at the
vehicle level.






